Background Arsenic exposure via drinking water increases the risk of chronic respiratory disease in adults. However, information on pulmonary health effects in children after early life exposure is limited.
Introduction
Environmental exposures may have greater impact on children than on adults, because most organogenesis and organ maturation take place in utero and during childhood. 1, 2 To date, however, relatively little evidence is available from human studies on the health impact of early life exposure to arsenic in drinking water. Recent studies suggest that arsenic can cause increased mortality from diseases in adulthood following in utero and childhood exposure, including effects in the lung, particularly bronchiectasis and lung cancer. [3] [4] [5] We believe that the first evidence of arsenic in drinking water causing non-malignant pulmonary effects came from Antofagasta in Chile, when river water with a high concentration (about 850 mg/l) of naturally occurring arsenic was first diverted to the city for use as municipal water supply in 1958. Beginning in 1962, patients with arsenic-caused skin lesions and bronchopulmonary effects, including chronic cough and bronchiectasis, were identified. 6, 7 Zaldivar reported patients in Antofagasta with arsenic-caused skin lesions and mentioned that bronchitis and bronchiectasis were frequently found. 8 After an arsenic treatment plant was installed, which reduced water arsenic concentrations from around 850 mg/l to about 100 mg/l, Zaldivar and Ghai reported a marked reduction in many signs and symptoms, including a reduction in the prevalence of chronically coughing children from 37.9% to 7.0%. 9 Following these early reports from Chile, there is a gap in the literature until the findings from arseniccontaminated tube-well water in West Bengal, India, were reported. We showed that the prevalence of chronic cough and shortness of breath increased with increasing concentrations of arsenic in drinking water in a cross-sectional survey of 7683 participants. 10 Findings were most pronounced in those with arsenic-caused skin lesions (e.g., the prevalence odds ratio for chronic cough was 7.8 for women with skin lesions, and 5.0 for men with skin lesions). A smaller cross-sectional survey of 218 participants in Bangladesh also reported increased respiratory symptoms with elevated water arsenic concentrations, 11 with greater effects among women than among men.
In India, we found evidence that the impact of arsenic on lung function by spirometry among men was actually greater than that of smoking. 12 We also found that study participants in India with arsenic-caused skin lesions had a 10-fold increased prevalence of bronchiectasis compared with subjects who did not have skin lesions. 13 In Chile, we found marked increase in mortality from bronchiectasis in young adults aged 30-49 years with potential early life exposure to arsenic (Standardized Mortality Ratio ¼ 46.2). 4 These findings, as well as the results from more recent studies showing increased risks of respiratory disease and symptoms in arsenic-exposed populations, 3, [14] [15] [16] [17] [18] [19] highlight the particular susceptibility of the human lung to arsenic toxicity. We are not aware of any cohort studies of respiratory effects in children who were exposed in utero and in early childhood. One study has followed pregnancies and found increases in lower respiratory tract infections in infants of mothers with high urine arsenic concentrations during pregnancy. 20 The objective of our study was to see if pulmonary effects were evident in children aged 7-17 years following in utero and early childhood exposure to arsenic in drinking water. Studying the effects of early life arsenic exposure is a public health priority, since millions of pregnant women and children worldwide are exposed to arsenic in drinking water above the current drinking water guideline of 10 mg/l.
Methods

Study population
The study took place in the Matlab Sub-district of Bangladesh, about 57 km southeast of Dhaka. This study area has a well-established infrastructure for conducting epidemiological studies. The International Centre for Diarrhoeal Disease Research, Bangladesh (icddr,b), has maintained an internationally recognized and unique prospective Health and Demographic Surveillance System (HDSS) in 142 villages of the Matlab region since 1966. The geographical information system component of the surveillance records has spatial information on households and tube-wells used to obtain household water. In 2002-03, icddr,b conducted a population-based survey of all 220 000 Matlab residents, documenting the residential tube-well history of each individual over the age of 5 years at the time. Tube-wells were the main source of drinking water in this area. An important feature of this survey was that it included arsenic measurements for all 13 286 tube-wells in operation in Matlab.
Based on the extensive arsenic water concentration measurements obtained during the 2002-03 survey, we were able to select for the study a cohort of children whose mothers had the highest arsenic exposure during pregnancy, and a cohort of unexposed children whose mothers' drinking water contained less than 10 mg/l in utero and with no known 410 mg/l exposure during childhood. We first identified in the HDSS records children aged 7-17 years, whose mothers used the highest recorded arsenic water concentrations while these children were in utero, to identify an exposed cohort. For each child identified as exposed in utero, we selected a non-exposed child of the same age and gender with evidence that the water their mother ingested during her pregnancy contained less than 10 mg/l of arsenic, and with no evidence of the child consuming water containing more than 10 mg/l of arsenic since birth. The mothers and children were invited to participate in the study.
Exposure history
Having selected the children using these existing data, we then obtained further detailed arsenic exposure histories for all 650 children. This was accomplished by administering a household questionnaire asking the mothers of all children in our study to provide the location of each residence that they had lived in for at least 6 months, starting from 1 year prior to the child's birth and ending with their current residence. They were asked to identify their primary drinking water source at each residence, and any secondary sources they may have used. The field team collected water samples from all functioning tube-wells used at home and at school by participating children for at least 6 months during their lifetimes. Water samples were taken back to the Matlab Health Research Centre and stored at -208C, and then sent to the icddr,b laboratory in Dhaka for analysis by hydride generation atomic absorption spectrophotometry analysis. 21 For each child, for each year after birth, the field lab arsenic measurement results were weighted by the proportions of water used from each different water source. For tube-wells from which we could not obtain water samples, the arsenic concentrations measured in these wells during the 2002-03 survey of all tube-wells in Matlab were used. Some participants had at times used pond or river water for drinking. Because the arsenic concentrations were very low or non-detectable in initial pond/river test samples, we used zero as the concentration for all subsequent pond/river water sources. Arsenic exposure was classified in several ways. First, in utero arsenic exposure was assessed based on mother's known exposure during the 9 months of pregnancy. Second, arsenic exposure during the first 5 years of life was calculated by taking the average water arsenic concentration during the first 5 years of life. Finally, peak arsenic exposure was defined as the highest known annual average arsenic concentration.
Health assessment
A detailed assessment of respiratory health was obtained, including questions regarding respiratory symptoms and disorders, upper and lower respiratory infections, pneumonia, asthma and wheezy disorders and tuberculosis. The 12-month prevalence of wheezing and asthma was assessed according to the International Study of Asthma and Allergies in Childhood (ISAAC) core symptoms questions; cough and phlegm and breathlessness were assessed according to the ISAAC additional respiratory questions. The ISAAC questionnaire is recognized as a valid instrument for the assessment of prevalence and severity of childhood asthma symptoms throughout the world. [22] [23] [24] Differently from the ISAAC procedure, which relies on a self-administered questionnaire, the questions were administered by a trained physician in a structured interview with the mothers of participating children.
Measurements of lung function were conducted for all study participants at the Matlab centre, as part of a physical examination. The field physician conducted an examination for current respiratory conditions, including acute respiratory illnesses that might affect lung function measurements, and spirometry was postponed if necessary. We used the EasyOne spirometer (NDD Medical Technologies, MA, USA), a hand-held, portable spirometer that uses ultrasound to measure airflow and is easy for children to use. The ultrasonic flow measurement is independent of gas composition, pressure, temperature and humidity, and eliminates errors due to those variables. This makes it particularly suitable for the hot and humid conditions in Matlab. Children were asked to perform at least three, and up to eight, maximal forced expiratory efforts in the standing position, without nose clips, to produce smooth, reproducible curves that meet American Thoracic Society (ATS) criteria. 25 The study physicians obtained A grades (per ATS criteria) for all but one of the children assessed, aged 7 to 17 years.
A household interview was conducted to assess socioeconomic status by several factors: parental education and occupation, the building material of their house, number of rooms and number of persons in the household.
Data analysis
We first performed univariate analyses to assess the children's sociodemographic factors and other relevant basic characteristics and drinking water arsenic concentrations. We then conducted logistic regression analysis to calculate adjusted odds ratios (ORs) and 95% confidence intervals (CIs) for dichotomous respiratory symptoms, comparing children exposed to 10-499 mg/l and 500 mg/l and above to those children who had never been exposed in utero or at home and school to more than 10 mg/l. We first adjusted for age and gender, and then conducted further analyses adjusting for age, gender, mother's education, father's education, father's smoking and number of rooms in the house, which icddr,b has found to be a good indicator of socioeconomic status in this population. In view of clear unidirectional a priori hypotheses, one-sided P-values are presented for ORs. Incorporating water arsenic concentrations as a continuous variable identified the same symptoms with increased risks, so we present the findings with exposure stratified, which has the advantage of avoiding assumptions about the shape of exposure-response relationships. For those symptoms showing increases with arsenic concentrations in the first set of analyses, we further subdivided water concentrations into four categories (10-199 mg/l, 200-399 mg/l, 400-599 mg/l, 600þ mg/l) to further explore exposureresponse relationships.
Multiple linear regression analyses were conducted using the spirometry parameters FEV1 and FVC, and the same exposure strata described above, and also with arsenic exposure inserted as a continuous variable. We first adjusted for age, gender and height. We tested for interaction of arsenic exposure with gender. In the absence of evidence of interaction by gender, we combined the data for boys and girls but included an indicator variable for gender. We then conducted further analyses, adjusting for age, gender, height, weight, mother's education, father's education, father's smoking status and number of rooms in the house.
Results
We identified 650 children (335 boys, 315 girls) aged 7-17 years in the subdistrict of Matlab, Bangladesh, selected from all children in the Matlab study region (n ¼ 180 815) with pre-existing arsenic tube well concentration data from the 2002-03 survey. Characteristics of the study subjects are presented in Table 1 .
Exposure histories
We obtained complete exposure histories at home for 524 (81%) children for the time since birth, for 571 (88%) children during pregnancy and for 551 children (85%) during the first 5 years of life. We also obtained complete exposure histories at school for 495 (85%) children out of 584 children who had been in school. Data on arsenic exposure are presented in Table 2 . The average in utero arsenic concentration for exposed (410 ug/l) children was 436.8 mg/l, with a maximum of 1512 mg/l. The average arsenic concentration during the first 5 years of life among exposed children was 383.2 ug/l, with a maximum of 996 mg/l (Table 2) . Exposures in utero and in the first 5 years of life were highly correlated (with a correlation coefficient of 0.91) because when the child started drinking water, it was often from the same tube-wells the mother used during pregnancy; we were therefore unable to separate the effects of in utero exposure from the effects of early childhood exposure. The distribution of in utero exposures is given in Figure 1 . As we had planned, about half the children had very low exposure in utero. The other half had a range of arsenic water concentrations, with the largest number falling in the range of 300-499 mg/l.
Respiratory symptoms and lung function
The prevalence ORs for respiratory symptoms following in utero exposure are presented in Table 3 , with adjustment of age and gender in the left columns, and adjustment for age, gender, mother's education, father's education, father's smoking status and rooms in the house in the rightmost columns. Adjustment for the additional potential confounding factors made little difference, so we focus here on the results adjusted for age and gender. The strongest findings were for wheezing when not having a cold (in utero arsenic 10-499 mg/l, OR ¼ 4.32, 95% CI: 0.91-20.5, 500 mg/L and above OR ¼ 8.41, 95% CI: 1.66-42.6). The ORs for asthma were increased, with an OR of 2.33 (95% CI: 1.19-4.57) for the highest exposure category. Reporting shortness of breath when walking fast or climbing and when walking on level ground were also positively associated with arsenic exposure, with ORs of 3.19 (95% CI: 1.22-8.32) and 3.86 (95% CI: 1.09-13.7) respectively for the highest exposure category. Dose-response trends are presented in Figure 2 for all symptoms which reached an OR greater than 2 and P < 0.05 in the highest exposure category. When we analysed the data for exposure during the first 5 years of life, we obtained virtually the same results (data not shown). In Table 4 , the age-and gender-adjusted ORs for the same six respiratory symptoms shown in Figure 2 are presented according to four strata of arsenic exposure, from 10-199 mg/l to 4600 mg/l. Although estimates in individual strata are unstable due to small numbers, there were overall increases in symptoms with increasing exposure (trend test P-values < 0.01 for five symptoms, and P ¼ 0.03 for coughing when not having a cold.) Table 5 presents multiple linear regression analysis findings concerning lung function. There was no evidence of interaction by gender (P-values40.2) so results are presented for boys and girls combined, but with gender incorporated into the analysis. This table provides the differences in FEV1 and FVC between the exposed groups (10-499 and 5500 mg/l) and the unexposed group (<10 mg/l), and also the results when treating arsenic exposure as a continuous variable. Overall, the lung function results associated with exposure to arsenic are very close to those for unexposed children. Children in the highest exposure category of 4500 mg/l in utero had a mean FEV1 22.6 ml lower than children never exposed to more than 10 mg/l, but the CIs were wide (À72.7 ml -þ27.6 ml) and the one-sided P-value was 0.19. The results concerning FVC were similar, as were the results when we treated arsenic in utero as a continuous variable shown in the right column of Table 5 . Adjustment for weight, mother's education, father's education, Figure 1 Distribution of in utero drinking water arsenic exposure in study participants Excludes those subjects with unknown drinking water arsenic concentration for any year. father's smoking status and rooms in house had only small effects on the findings.
EARLY LIFE EXPOSURE TO ARSENIC IN DRINKING WATER
Discussion
To our knowledge, this is the first cohort study of pulmonary health effects in children after early life exposure to arsenic, including exposure in utero, and the first study to use a standardized structured respiratory questionnaire. We found strong associations between early life exposure to high amounts of arsenic in drinking water and various respiratory endpoints. For exposures in utero above 500 mg/l, there were increases in wheezing when not having a cold . The only previous findings in children were from Antofagasta in Chile, where cross-sectional studies suggested that pronounced increases in respiratory symptoms were associated with water arsenic exposure. 9 We had expected to find reduced lung function in our study children because in adults we had previously found reduced lung function associated with arsenic skin lesions 12 and our pilot study in Chile found preliminary evidence of reduced lung function among adults aged 30-65 years, observed decades after early life exposure. 3 However, it may be that Figure 2 Odds ratios for respiratory symptoms which exceeded 2.0, with P < 0.05, in the highest exposure category. Adjusted for age, gender, mother's education, father's education, father's smoking status and rooms in the house Table 4 Age-and gender-adjusted odds ratios and 95% CIs for six respiratory symptoms according to four categories of in utero arsenic exposure, with those who were never exposed in utero and throughout childhood up to the present as the referent group reductions in lung function parameters will occur later, with respiratory symptoms being the first manifestation of early life exposure effects on the lungs. In light of reduced lung function in adults, including adults studied decades after early life exposure, we plan to follow these children in Bangladesh prospectively to see if they develop reductions in lung function and other effects as they grow older. One strength of our study is the wide range of exposures to arsenic, including a referent group never known to have been exposed to more than 10 mg/l of arsenic in water in utero or during childhood. Although exposure assessment is always incomplete in rural populations like this with many potential drinking water sources, the large contrasts in concentrations between subjects exposed to above 500 mg/l and those exposed to less than 10 mg/l strengthen the overall evidence of arsenic effects.
Furthermore, we collected data on major potential confounding factors, and adjusted for them when appropriate. Socioeconomic status was adjusted for using mother's education, father's education and number of rooms in the house. These adjustments had little effect on the results (Tables 3-5) . Adjusting for cooking locations (indoor, outdoor) and fuels used for cooking (firewood, straw, dung) also had little effect. For example, the ORs for associations between early life exposure to high amounts of arsenic in drinking water and wheezing when not having a cold, or shortness of breath when walking fast or climbing, changed from 8.41 to 8.97 and 3.19 to 3.18, respectively, when we adjusted for cooking location, and to 7.41 and 3.07, respectively, when we adjusted for firewood use.
A weakness of this study is that we could not parse in utero exposures from exposures during the first 5 years of life, but this difficulty is probably universal to in utero and early childhood drinking water studies. Children exposed to high levels of arsenic are most likely drinking from the same sources as their mothers were when pregnant with them.
Though the lung may seem a surprising target for an ingested substance, ample evidence has shown that this is indeed the case for arsenic. The exact mechanisms by which arsenic causes lung disease are unknown, and further research is needed. However, the biological plausibility that ingested arsenic can cause toxicity to the lungs is supported by a variety of studies. Arsenic has been found to accumulate in the lungs in animal studies more than in most other organs except for the kidney and liver. [26] [27] [28] [29] In humans, arsenic in water is a well-established cause of lung cancer, 30 and lung cancer is perhaps the main cause of long-term mortality from drinking arseniccontaminated water. 31 Furthermore, the pathway of exposure does not appear to impact on lung effects since lung cancer risks appear to be related to the absorbed dose of arsenic, regardless of whether arsenic is ingested or inhaled. 32 These various lines of Table 5 Results evidence support the biological possibility of pulmonary effects from ingestion of inorganic arsenic.
In conclusion, we found marked increases in respiratory symptoms following arsenic exposure in utero and in early childhood. These findings, suggesting major impacts on the lungs following early life exposure, are consistent with the large increases in young adult mortality due to lung cancer and bronchiectasis we previously identified in Chile following early life exposure to arsenic in water. 4, 5 Further investigation of the in utero and early childhood effects of arsenic are needed, but we believe the current evidence is sufficient to give high priority to reducing the exposure of pregnant women and children in the many countries where high concentrations of arsenic are still found in water.
